Abstract In HadGEM2-A, AMIP experiments forced with observed sea surface temperatures respond to uniform and patterned ?4 K SST perturbations with strong positive cloud feedbacks in the subtropical stratocumulus/trade cumulus transition regions. Over the subtropical Northeast Pacific at 137°W/26°N, the boundary layer cloud fraction reduces considerably in the AMIP ?4 K patterned SST experiment. The near-surface wind speed and the air-sea temperature difference reduces, while the near-surface relative humidity increases. These changes limit the local increase in surface evaporation to just 3 W/m 2 or 0.6 %/K. Previous studies have suggested that increases in surface evaporation may be required to maintain maritime boundary layer cloud in a warmer climate. This suggests that the supply of water vapour from surface evaporation may not be increasing enough to maintain the low level cloud fraction in the warmer climate in HadGEM2-A. Sensitivity tests which force the surface evaporation to increase substantially in the ?4 K patterned SST experiment result in smaller changes in boundary layer cloud and a weaker cloud feedback in HadGEM2-A, supporting this idea. Although global mean surface evaporation in climate models increases robustly with global temperature (and the resulting increase in atmospheric radiative cooling), local values may increase much less, having a significant impact on cloud feedback. These results suggest a coupling between cloud feedback and the hydrological cycle via changes in the patterns of surface evaporation. A better understanding of both the factors controlling local changes in surface evaporation and the sensitivity of clouds to such changes may be required to understand the reasons for inter-model differences in subtropical cloud feedback.
Introduction
Estimates of climate sensitivity (the equilibrium warming of the climate system expected for a doubling of CO 2 ) have varied by a more than a factor of two since the earliest climate modelling studies (e.g. Charney 1979 ). Cess et al. (1990) showed that cloud feedbacks were the leading order cause of this uncertainty, and this has not reduced substantially since then (Randall et al. 2007; Bony et al. 2006; Dufresne and Bony 2008; Andrews et al. 2012a ). In the CMIP3 generation of climate models, feedbacks associated with low clouds have been shown to make the largest contribution, mainly through their impact on shortwave radiation (Bony and Dufresne 2005; Webb et al. 2006; Wyant et al. 2006; Williams and Tselioudis 2007; Medeiros et al. 2008; Soden and Vecchi 2011) . Instantaneous CO 2 forcing can also lead to rapid adjustments (on timescales of weeks rather than years) in the structure of the troposphere (Gregory and Webb 2008; Andrews and Forster 2008) and land surface temperatures (Dong et al. 2009 ), leading to equally rapid adjustments in cloud and hence top of the atmosphere irradiances. These can be considered to be a component of radiative forcing for feedback analysis purposes. Although they can have a substantial impact in some models, they contribute much less to inter-model differences in climate sensitivity than cloud feedbacks which operate on the timescales of the sea surface temperature response (Webb et al. 2012) .
Understanding the physical mechanisms responsible for the different cloud feedbacks in models is clearly desirable. Progress in this area has until recently been hampered by two problems. First, model intercomparisons have until now saved very limited outputs suitable for investigating cloud feedback mechanisms. Second, the computational expense of running climate change experiments has made it difficult to test physical hypotheses with sensitivity experiments (at least in the most up-to-date model versions).
CFMIP-2 (the second phase of the Cloud Feedback Model Intercomparison Project, Bony et al. (2011) 1 ) aims to address these issues by incorporating new cloud-relevant process diagnostics and short, computationally inexpensive cloud feedback experiments into the CMIP5 experimental design (Taylor et al. 2012 ). The new diagnostics include temperature and humidity tendency terms (Williamson et al. 2005) , cloud condensate tendency terms (Ogura et al. 2008 ) and upwelling/downwelling radiative fluxes throughout the atmosphere (Mapes et al. 2009) . High frequency instantaneous model outputs of various quantities are also saved. These include 3-hourly global 'snapshots' for the year of 2008. They also include 30 years of timestep frequency outputs at 119 locations including those used by the GCSS Pacific Cross Section Intercomparison Project (GPCI) which have been examined in detail in several models (Teixeira et al. 2011) , as well as various observational sites, and locations where models have shown larger differences in cloud feedbacks. These are incorporated into AMIP experiments forced with observed SSTs, which form the basis for uniform and patterned SST perturbation cloud feedback experiments, as well as fixed SST experiments subject to a quadrupling of CO 2 designed to support the study of rapid cloud adjustments. These, along with zonally uniform aquaplanet experiments subject to uniform SST increases and CO 2 quadrupling will allow cloud feedback and cloud adjustment mechanisms to be investigated in shorter experiments than have previously been available in CMIP.
CFMIP-2 also includes an activity co-organised with the GEWEX Atmospheric System Study (GASS) called CGILS (CFMIP/ GASS Intercomparison of LES and SCM, Zhang et al. (2012b) , Zhang et al. (2012a) , Blossey et al. (2012) and Bretherton et al. (2012) . This intercomparison uses a set of idealised SCM/LES forcings designed to represent the changes in the local environment of subtropical clouds in the warmer climate at three locations on the GPCI, building on the work of Zhang and Bretherton (2008) , Wyant et al. (2009) and Blossey et al. (2009) , and aims to establish whether or not idealised SCM experiments can reproduce the different feedbacks seen in the global models, and whether or not LES models show a smaller spread than the SCMs.
Here we demonstrate the use of temperature and humidity tendency terms and sensitivity experiments for the investigation of subtropical boundary layer cloud feedback mechanisms in CMIP5/CFMIP-2 patterned SST perturbation experiments with HadGEM2-A, the current atmosphere-only version of the Met Office climate model (Martin et al. 2011) . We focus on the subtropical Northeast Pacific to maximise the relevance of our results to CGILS and other studies based on the GPCI.
Section 2 describes the model and the experimental design. In Sect. 3 we examine the subtropical boundary layer cloud feedback in HadGEM2-A at a location in the subtropical Northeast Pacific, and consider a number of physical mechanisms which might be responsible. We reject a number of hypotheses which are inconsistent with various aspects of the model response, and perform sensitivity experiments to test some others. We present our conclusions and plans for future work in Sect. 4. Martin et al. (2011) describe the HadGEM2 family of Met Office Unified Model configurations. Here we use the atmosphere-only component, HadGEM2-A, which has 38 layers in the vertical and a horizontal resolution of 1.875°i n longitude 1.25°in latitude. This ''physical'' model configuration is run without many of the ''Earth System'' components included in the HadGEM2-ES Earth System Model configuration. The interactive carbon cycle, chemistry and dynamic vegetation schemes are switched off, but interactive aerosols including mineral dust are included. Deep and shallow convection are parametrized using a mass flux approach and boundary layer mixing is parametrized using a non-local scheme. These are based on the same schemes as the previous version of the model (Had-GEM1, Johns et al. 2006 ) but with a number of improvements detailed in Martin et al. (2011) . The cloud parametrization is a statistical scheme which assumes a triangular probability distribution function for total water content (Smith 1990) and is unchanged compared to HadGEM1.
Model and experiment description
We show results from HadGEM2-A in the uniform and patterned ?4 K SST perturbation experiments known as amip4K and amipFuture respectively in the CMIP5 experimental design (Taylor et al. 2012) . SST perturbations are relative to the CMIP5 AMIP experiment, forced with observed SSTs. The patterned SST forcing dataset is a normalised multi-model ensemble mean of the ocean surface temperature response pattern at the time of CO 2 quadrupling in the 1 % runs from thirteen CMIP3 AOGCMs. Before computing the multi-model ensemble mean, each model's response was divided by its global mean and multiplied by 4. This guarantees that the pattern information from all models is weighted equally and the global mean SST forcing is the same as in the uniform ?4 K experiment. The baseline HadGEM2-A experiments are run for the period January 1979 to December 2008. A number of sensitivity experiments are also performed, and in these cases AMIP and ?4 K patterned SST experiments are also run for 30 years (see Table 1 ).
We also examine temperature and specific humidity tendency terms from various physical schemes in the model. These include longwave and shortwave radiation, large scale precipitation, convection, dynamical advection, and boundary layer mixing and condensation/evaporation from large-scale cloud. Radiative heating rates are available for all-sky and clear-sky conditions. We present these as clear-sky and cloud components; the latter are calculated as differences between the all-sky and clear-sky heating rates. In HadGEM2-A, the boundary layer scheme is based on prognostic equations for total water (vapour plus condensate) and liquid water virtual temperature, which the cloud scheme partitions diagnostically into water vapour and cloud liquid water (Smith 1990) . For this reason it is not possible to separate temperature and specific humidity increment terms from the boundary layer scheme and the cloud scheme, so we diagnose their combined effect.
We use the difference between net downward all-sky and clear-sky fluxes to measure the effect of clouds on the climate feedback. This difference is often referred to as the 'cloud radiative forcing', but we prefer the term Cloud Radiative Effect (CRE) which is analogous to 'Greenhouse Effect'. As pointed out by Soden et al. (2004) , the change in the CRE is not the same as the cloud feedback diagnosed using the Partial Radiative Perturbation (PRP) method (e.g. Wetherald and Manabe 1988; Colman 2003) , or approximate versions of it (e.g. Soden and Held 2006; Taylor et al. 2007) . PRP defines the cloud feedback as the partial derivative of the TOA radiative flux with respect to a change in cloud where all other quantities (e.g. water vapour, surface albedo) are artificially held fixed. PRP also diagnoses non-cloud feedbacks using partial derivatives, including the effects of climatological cloud masking, for example where the effect of a change in surface albedo is not seen at the TOA because of persistent cloudiness. In contrast, the CRE method diagnoses the non-cloud feedbacks as they would be seen in clear-sky conditions without the effects of cloud masking, while the cloud masking effects on the non-cloud feedbacks are included in the change in CRE along with the effect of any cloud changes. Our study focuses on subtropical low-level cloud feedbacks which are dominated by changes in the shortwave CRE over a dark ocean surface. In this situation the cloud masking effect will be negligible and the change in shortwave CRE will scale well with the cloud feedback.
3 Results and discussion 3.1 Subtropical cloud feedbacks in HadGEM2-A Figure 1 shows the 30 year annual mean response of the net CRE to uniform and patterned ?4 K global mean SST increases in HadGEM2-A. Positive CRE responses indicate positive cloud feedbacks, even allowing for the effects of cloud masking. These are present off the west coasts of the subtropical continents, where low level clouds predominate. Comparison with the distribution of the net CRE in the control experiment (not shown) indicates that these are centred on the transition regions between the persistent stratocumulus decks and fair weather trade cumulus regions. The area of positive CRE response in the subtropical Northeast Pacific is quite consistently simulated between the uniform and patterned SST experiments, and is bisected by the GPCI. Negative net CRE responses are present off the edge of the sea ice in the Southern Ocean, consistent with those noted by Trenberth and Fasullo (2010) in the CMIP3 coupled models. A band of positive CRE responses is seen along the southern edge of the North Pacific storm track in the patterned SST experiment, but is much weaker in the uniform experiment. This is presumably related to the poleward shift of the storm track in response to amplified warming at high latitudes . This polar amplification is present in the patterned SST experiment but not the uniform experiment (not shown). Andrews et al. (2012b) examine changes in CRE in fully coupled versions of HadGEM2, and these show most of the features described above, with the positive CRE responses in the subtropical Northeast Pacific being particularly strong. These positive changes in CRE contribute to (but do not necessarily fully explain) the relatively high climate sensitivity of HadGEM2-ES, which is estimated to be 4.6 K by Andrews et al. (2012a) . We focus on the positive CRE response in the subtropical Northeast Pacific for the remainder of the paper, because it is robustly simulated in both patterned and uniform SST experiments, is relevant to the fully coupled model, and occurs in the vicinity of the GPCI which enhances the relevance of our results to other studies focusing on that area. Our subsequent analysis focuses on the ?4 K patterned SST experiment at [137°W, 26°N] , which is roughly in the center of the region of positive CRE response. This sits in the transition region in between the stratocumulus and trade cumulus locations examined in CGILS. The CRE response is largest in the boreal summer, when cloud fractions are at their largest in the control (not shown). For this reason, we focus on the summer season and examine climatologies for the June/ July/August season from now on. This also increases the relevance to CGILS, which uses a July climatology for its control state. Over the Northeast Pacific at 137°W/26°N, the boundary layer cloud fraction in the control AMIP experiment takes its largest values between 1,000 and 1,300 m (Fig. 2a) . This is also the case for the convective component of the cloud fraction (Fig. 2b) , although it takes much smaller values. The cloud fraction reduces most quickly with increasing altitude above 1,300 m, as does the relative humidity (Fig. 2c) , indicating that the boundary layer top is on average close to this level. An alternative measure of boundary layer cloudiness is provided by the CFMIP Observation Simulator Package (Bodas-Salcedo et al. 2011) which diagnoses (amongst other things) the maximum instantaneous cloud fraction below 680 hPa which would be seen by the CALIPSO spaceborne cloud lidar if it were observing the model (Chepfer et al. 2008 ). The time mean low level CALIPSO simulator cloud fraction at this location is 0.67, and is consistent with observed values in this region (see Chepfer et al. 2010, their Fig. 3 ). This value is almost twice the size of the largest value in the cloud profile. We interpret this as being due to the cloud layer moving up and down, resulting in a time mean profile with a low cloud maximum which is smaller than the time mean of the instantaneous low cloud maximum. The profile of potential temperature is quite constant with height in the subcloud layer, suggesting that it is well mixed up to cloud base (Fig. 2d) . The specific humidity tendencies in Fig. 3b indicate that the boundary layer scheme is the main source of humidity here, ultimately provided by evaporation from the sea surface. Shallow convection removes humidity from the subcloud layer, detraining near the boundary layer top and providing the largest moistening term at that level. This, along with the gradual increase of potential temperature and decrease in specific humidity through the cloud layer (Fig. 2d, e) , suggests the presence of 'decoupled' boundary layers, where shallow cumulus is responsible for most of the mixing between the subcloud layer and the cloud top (Bretherton and Wyant 1997) . Note however that at the level of the largest cloud fraction (1 km) the boundary layer scheme provides the largest moistening term (Fig. 3b) , indicating that the cloud layer is also being fed by boundary layer mixing from below. This is what we would expect to see in the transition region between stratocumulus and fairweather cumulus, in particular in a time mean which will contain a mixture of well mixed, decoupled and cumulus boundary layers.
The sea surface temperature increases by 4.1 K at this location in the patterened SST experiment. The boundary layer cloud fraction reduces (Fig. 2a) , as does the magnitude of the net and shortwave CRE (Table 1) , indicating a positive feedback from low level cloud. The low level CALIPSO simulator cloud fraction reduces from 0.67 to 0.56. The cloud fraction profile reduces most at 1,000 m, where a small reduction in relative humidity is also present (Fig. 2a, c) . At this level, the moistening term from the boundary layer scheme reduces (Fig. 3b, e) . The convective cloud fraction changes very little (Fig. 2b) . Given the increases in specific humidity in the subcloud layer (Fig. 2b, e) , one might expect the moistening of the cloud layer by the shallow convection to increase considerably. However, the shallow convective mass flux decreases (Fig. 2f ), resulting in a quite small increase in convective moistening (Fig. 3b, e) . We now consider a number of hypotheses which might explain this positive cloud feedback.
3.2 Increasing lower tropospheric stability Klein and Hartmann (1993) showed that larger amounts of stratus cloud are observed when lower tropospheric stability (the difference between the potential temperature at the surface and 700 mb) is largest, for both seasonal and interannual variations in the current climate. Miller (1997) argued that increases in lower tropospheric stability with the warmer climate would lead to a negative feedback from increasing subtropical cloud fraction if this relationship was maintained as the climate warms. The LTS increases by 3.2 K in HadGEM2-A, but the cloud fraction decreases, so this mechanism clearly does not apply in this case. LTS can be considered a measure of the strength of the temperature inversion at the top of the subtropical boundary layer. Wood and Bretherton (2006) proposed an alternative measure of this, the Estimated Inversion Strength (EIS), which is designed to allow for the effects of changing freetropospheric lapse rates between 700 mb and the top of the boundary layer. They showed EIS to be a better predictor of low cloud fraction than LTS for present day cloud variations, particularly in midlatitudes, again with larger values observed with larger low-level cloud fractions. However, EIS also increases (by 1.7 K) at this location in the HadGEM2-A ?4 K patterned SST experiment, so this relationship cannot explain the reduction in low cloud fraction either.
Increasing clear-sky cooling of the boundary layer
Another example of a negative subtropical cloud feedback mechanism is provided by Wyant et al. (2009) , who showed that the 'super parametrized' SP-CAM increased the amount of shallow convective cloud in stable regions in a uniform ?2 K SST perturbation experiment. This was attributed to an increase in clear-sky radiative cooling of the boundary layer in the warmer climate, promoting shallow convection which detrained below the inversion, increasing cloud. Although this mechanism cannot explain our positive feedback, we mention it here because parts of the argument are relevant to the discussion below.
3.4 Increasing surface fluxes and boundary layer deepening Bretherton and Wyant (1997) proposed the 'deepening warming' mechanism to explain the observed Lagrangian transition between subtropical stratocumulus and trade cumulus clouds in the current climate. They argued that the horizontal advection of well-mixed stratocumulus topped boundary layers over warmer SSTs results in an increase in sensible and latent heat fluxes. This promotes surface driven mixing and condensation in the cloud layer which competes with turbulent mixing generated by radiative cooling at the cloud top, eventually leading to a decoupling of the boundary layer, where humidity is transported into the cloud layer mainly by shallow convection. Further increases in surface latent heat fluxes result in shallow convection penetrating the trade inversion, entraining warm, dry air from the free troposphere via compensating subsidence, resulting in a deeper, drier boundary layer with reduced cloudiness. More recently, Rieck et al. (2012) explored the sensitivity of shallow cumulus in the RICO case simulated by the UCLA-LES to increasing SST with large scale forcings acting to maintain the relative humidity of the atmosphere. They argued that surface fluxes should increase with warming SST in an idealised scenario where near-surface winds, stability and relative humidity remain unchanged. They also argued that large-scale advection would dry the boundary layer in a warmer atmosphere with constant relative humidity, because specific humidity gradients in the horizontal and vertical would be greater.
They found that the surface latent heat flux increased by 6-8 % per K SST increase, which is close to the value expected from the Clausius Clapeyron relation in the absence of changes in near-surface relative humidity, air/ sea temperature difference or wind speed (Richter and Xie 2008) . This resulted in a deepening of the boundary layer, and a reduction of cloud fraction following enhanced entrainment into the boundary layer, as predicted by the Bretherton and Wyant (1997) deepening-warming mechanism. (This effect outweighed an increase of the in-cloud liquid water path due to an increase in the adiabatic cloud water). Zhang et al. (2012a) also find evidence of shallow convection acting to dilute boundary layer clouds in the warmer climate in many of the CGILS SCMs following increases in surface latent heat flux. Richter and Xie (2008) do show evidence of increased surface evaporation across the subtropics in a warmer climate in models, consistent with this idea. This mechanism cannot explain the positive feedback examined here in HadGEM2-A however, for a number of reasons. First, we see no evidence of boundary layer deepening in spite of a reduction in subsidence, which suggests if anything a reduction in entrainment at the top of the boundary layer (Fig. 2a, g ). Second, we see no evidence of enhanced drying by the convection scheme near the top of the boundary layer; Fig. 3b , e shows that the convection scheme is moistening from 1,000 m upwards, and that this does not reduce in the warmer climate. There is also no evidence of the convection penetrating any higher, from the increments or from the convective mass flux, which is reduced above 1,000 m (Fig. 2f) . Finally, the surface latent heat flux increases by just 3 W/m 2 and the sensible heat flux reduces by 4 W/m 2 . These changes are very small compared to the increases seen in the present day stratocumulus to trade cumulus transition, which run to several tens of W/m 2 (Bretherton and Wyant 1997) . The absence of any deepening of the boundary layer means that we can also rule out the possibility of such a deepening stimulating a breakup of the cloud, in response to the established weakening of the Walker Circulation and resulting reduction of subsidence with increasing temperatures (Vecchi and Soden 2007) . This means that we can also rule out an increase in cloud thickness in response to such a deepening of the boundary layer, as seen in some of the CGILS LES results Bretherton et al. 2012 ) and earlier work with a mixed layer model of the boundary layer (Caldwell and Bretherton 2009) . Equally the absence of any shallowing of the boundary layer means that we can rule out a reduction in cloud thickness due to such a shallowing in response to reduced entrainment ).
3.5 Increased import of air with low moist static energy Brient and Bony (2012) (hereafter BB12) examined cloud feedbacks in IPSL-CM5, and pointed out that in the warmer climate, the Clausius Clapeyron relation tends to increase the vertical gradient of the moist static energy (MSE) between the boundary layer and the free troposphere in the subtropics. They found a strong relationship between the change in the vertical advection of the MSE and the low-level cloud change in their model, and argued that the enhanced vertical advection of MSE lowered the MSE of the boundary layer, leading to a decreased low-level cloud fraction and a weakened radiative cooling of the boundary layer by cloud-radiative effects, which became ''less necessary'' to balance the MSE budget. We tested this idea in HadGEM2-A by calculating MSE tendency terms from the temperature and humidity advection terms discussed above. The MSE advection term (which is the net effect of horizontal and vertical advection) is unchanged between the AMIP and ?4 K patterned SST experiment at 1 km and above (Fig. 3c, f) . We also estimated the vertical component of the MSE advection from the product of the vertical MSE gradient and the vertical velocity as in BB12. Figure 3c , f shows that, as in BB12, vertical advection of low MSE from above acts as an MSE sink on the boundary layer, an effect which strengthens in the ?4 K patterned SST experiment. We also calculated the contribution to the change in the vertical MSE advection from (a) the warming assuming a fixed relative humidity profile, (b) from changes in the relative humidity profile alone and (c) from changes in the vertical velocity (not shown). These calculations confirmed that stronger MSE sink term from vertical advection is almost entirely due to component (a), as was found by BB12 in IPSL-CM5.
However, we do not think that this effect is large enough to explain the positive feedback at this location in Had-GEM2-A. This is because the changes in the vertical advection of the MSE tendency are much too small to explain the change in the MSE tendency due to radiative cooling from cloud. For example, the MSE tendency from vertical advection changes by 0.2 kJ/kg/day between the AMIP and ?4 K patterned SST experiments at 1 km, compared to a change of 1.6 kJ/kg/day in MSE tendency term from the longwave cloud term (Fig. 3c, f) . Other terms (such as the boundary layer mixing) make much larger contributions which are of comparable magnitude to the cloud term. For this reason, we do not think that the positive feedback at this location in HadGEM2-A can be explained by increased vertical advection of low MSE air into the boundary layer by large scale subsidence.
Increasing evaporatively driven cloud top entrainment
Another possibility that we have considered is that an increased jump in specific humidity across the inversion in the warmer climate leads to increasing entrainment of dry free-tropospheric air at the top of the boundary layer via evaporatively driven mixing. In certain circumstances, entrainment of dry air into the cloud at the top of the boundary layer that evaporates cloud droplets, cooling the mixture, can enhance top driven mixing and enhance entrainment further, leading to a breakup of the cloud (Randall 1980; Deardorff 1980) . Lock (2009) showed that the cloud fraction in the cumulus-stratocumulus transition regime simulated by the Met Office LES model is well predicted by the cloud top entrainment instability parameter, which depends on the magnitude of jumps in both potential temperature and specific humidity across the inversion. These results were consistent with the earlier findings of Moeng (2000) with a different LES model. It can be shown that, because the boundary layer is much moister than the free troposphere in relative humidity terms, the jump in specific humidity across the inversion will increase in the warmer climate, as long as the relative humidity remains roughly constant. There is some evidence of increased drying/reduced moistening from the net boundary layer/cloud specific humidity increments near boundary layer top in Fig. 3b , e, which lends some support to this idea being relevant to the cloud feedback in Had-GEM2-A. The process described above is represented in Had-GEM2-A via an evaporatively driven entrainment term in the boundary layer scheme, so we tested this idea by running a sensitivity experiment in a version of HadGEM2-A with this term set to zero globally. This and other subsequent sensitivity experiments were performed in 30 year AMIP and ?4 K patterned SST experiments. The magnitude of the CRE response was not however reduced compared to the standard experiment (Table 1) , as would be expected if increases in evaporatively driven entrainment were the main cause. In fact we see the opposite effect; the net and shortwave CRE responses become stronger, which suggests that changes in evaporatively driven entrainment help if anything to maintain the cloud in the warmer climate rather than break it up. Examination of various quantities in the sensitivity experiment (not shown) shows that compared to the standard HadGEM2-A experiment, the low level cloud reduces more in the warmer climate, and that the only budget term which can explain this is the moistening from the shallow convection, which increases by less. This suggests that increasing evaporatively driven entrainment in the standard HadGEM2-A experiment results in a larger evaporative cooling at the cloud top, which destabilises the boundary layer, stimulating shallow convection and providing an additional moisture source to the cloud layer, partly opposing the positive cloud feedback.
This sensitivity experiment had a small impact on the present-day simulation, increasing the magnitudes of the net and shortwave CRE by less than 3 % relative to the standard experiment (Table 1) . These changes are relatively small compared to the impact on the CRE responses (38 % in the net and 20 % in the shortwave). Given these results, we can rule out changes in evaporatively driven entrainment mixing as a contributing factor to the positive feedback at this location.
3.7 Increasing downwelling longwave fluxes from the free troposphere Klein et al. (1995) found that observations of stratocumulus from weather ship N, located in the Northeast Pacific at [140°W, 30°N], showed small cloud fractions on days with relatively moist free tropospheric soundings. More recently, Stevens and Brenguier (2009) argued that increases in free tropospheric clouds and/or humidity might encourage stratocumulus breakup by suppressing longwave radiative cooling at boundary layer cloud top. This mechanism could operate in a number of ways. It might encourage decoupling by changing the balance between top-driven mixing and surface forcing (Bretherton and Wyant 1997) . It might reduce radiatively driven entrainment, resulting in a shallower boundary layer and a thinner cloud ). Alternatively, it might reduce cloud formed by any detrainment from shallow convection below the inversion, if a reduction in radiative cooling were to stabilise the boundary layer (the mechanism described by Wyant et al. (2009) operating in response to a reduction rather than an increase in radiative cooling). In the patterned ?4 K SST HadGEM2-A experiment, specific humidity increases substantially in the free troposphere, roughly doubling at 700 mb (Fig. 2e) . A small part of this is due to a modest increase in the relative humidity in the free troposphere (Fig. 2c) , but it is mostly due to the Clausius Clapeyron relation. Small increases in upper level cloud fraction of up to 0.01 are also present (not shown). Longwave radiative cooling near the top of the boundary layer does indeed reduce (Fig. 3a, c) , although we note that the latter would be expected in any case given the reduction in low cloud fraction. Note that CO 2 does not increase in this experiment.
We tested the idea that the cloud change was sensitive to increases in the downwelling longwave radiative flux by running a sensitivity test in which we fixed the profile of specific humidities seen by the radiation in the free troposphere at the same values in both AMIP and ?4 K patterned SST experiments. Present-day climatological values of specific humidity for June/July/August from [137°W, 26°N] were specified as constant values in the radiation over a region of the Northeast tropical Pacific (170-100°W, 10°S-50°N) above 2 km and throughout the full 30 year model simulations, to assess the impact on the cloud feedback. This had a small impact on the present-day simulation, increasing the magnitudes of the net and shortwave CRE by 5 and 4 % respectively relative to the standard experiment (Table 1) . However this sensitivity test failed to reduce the magnitude of the cloud feedback, increasing the net and shortwave CRE responses by 31 and 21 % respectively (Table 1) . Examination of various quantities in the sensitivity experiment (not shown) indicates that compared to the standard HadGEM2-A experiment, the low level cloud reduces more in the warmer climate, and that this can be explained in the MSE budget framework primarily as a response to a stronger increase in clear-sky radiative cooling which becomes larger with increasing altitude throughout the boundary layer. The shallow convection detrains more preferentially into the drier air above the level of the low cloud maximum (presumably in response the increasing radiative cooling with height) resulting in a reduction in cloud. This suggests that the increasing specific humidity in the free troposphere in the standard HadGEM2-A experiment actually helps to maintain the cloud in the warmer climate by preventing the shallow convection from penetrating the inversion, partly opposing the positive cloud feedback. We also considered the possibility that the small increases in upper level cloud fraction were affecting the downwelling flux. However, the cloud component of the downwelling flux (as measured by the difference between its all-sky and clear-sky components) changes very little between the AMIP and ?4 K patterned SST experiment above the boundary layer top (not shown). Hence we reject increasing downwelling longwave radiation as an explanation for the positive feedback seen in HadGEM2-A at this location.
Limited increases in surface fluxes
As we note above in Sect. 3.4, the surface latent heat flux which we see in HadGEM2-A at the location of interest shows a small increase of just 0.6 % per K SST increase. In addition to the results discussed above, Rieck et al. (2012) also performed a sensitivity experiment where the SST was increased but the surface latent heat flux was fixed at the control value. In this experiment the boundary layer in the LES didn't deepen, but did exhibit a drying of the cloud layer and a reduction in cloud, indicating that increasing surface latent heat fluxes were in that case required to maintain the relative humidity and cloud fraction in the boundary layer in the warmer climate. This suggests that the reduction in cloud that we see in HadGEM2-A might be caused by a failure of the surface latent heat flux to increase sufficiently to maintain the relative humidity and cloud fraction in the warmer climate. (Note that this hypothesis is consistent with the moist static energy framework of Brient and Bony (2012) , who argue that low cloud responses in climate models could depend not only on changes in vertical advection, but also on other factors contributing to the MSE budget, such as surface fluxes and clear-sky radiative cooling).
To test this idea in HadGEM2-A, we ran a sensitivity experiment where we forced the surface evaporation to increase more strongly in the warmer climate. We did this by fixing the surface evaporation to a constant value of 125 W/m 2 over an area of the tropical East Pacific (160-70°W, 35°S-45°N, Fig. 4c ), and increasing it by 25 W/m 2 in the ?4 K patterned SST experiment. This constitutes an increase in latent heat flux of 5 %/K, less than the 7 %/K predicted by the Clausius Clapeyron relation, but considerably more than the increase seen in HadGEM2-A. This is a simple way of testing the hypothesis that increases in surface evaporation are required to maintain cloud in the warmer climate. One consideration in the design of this sensitivity experiment was the fact that applying a uniform perturbation over a specified region will result in strong gradients at the region boundaries, potentially affecting the advective tendencies, which are a strong function of horizontal gradients in temperature and humidity. For this reason we chose to apply the specified latent heat fluxes over a substantial area of the subtropics so that the boundary between the specified and interactive surface latent heat fluxes would be remote from the location that we are focusing on. We note that this and other sensitivity tests which we perform in the full GCM are different from those in the single column framework of Rieck et al. (2012) in the sense that the former may include dynamical couplings with the large scale (for example through the advective tendencies) not present in the latter.
Our sensitivity test had a substantial impact on the cloud feedback, resulting in a 53 % reduction in the magnitude of both the net and shortwave cloud feedbacks (Table 1) . The net cloud feedback was also substantially reduced to the north and west of the location examined (Fig. 4f) , greatly reducing the area covered by the strong positive cloud feedback. The low level CALIPSO simulator cloud fraction reduces by just 0.03 from 0.63 to 0.60, compared to a reduction of 0.11 in the standard experiment.
Examination of the profiles in the sensitivity experiment shows that the time-mean cloud fraction reduces less between the AMIP and ?4 K patterned SST experiments than in the standard experiments at 1 km altitude, while it increases at lower levels (Figs. 2a, 5 ). Specific humidity increments from the boundary layer/cloud scheme between cloud base and 1,000 m increase more in the sensitivity experiment (Figs. 3b, e, 6) . This is what we would expect to see if the additional surface evaporation was increasing the moisture supply to the cloud layer, helping to maintain the cloud and weakening the cloud feedback. The other terms in the humidity budget do not change in a manner which can explain the different cloud response.
The MSE budget supports the same conclusion. The boundary layer mixing/cloud scheme term in the MSE budget is in fact solely a function of the boundary layer mixing, because MSE is not affected by the condensation and evaporation from the cloud scheme. At 1 km, the MSE source term from the boundary layer mixing reduces by 0.5 kJ/kg/day, considerably less than the 2.1 kJ/kg/day reduction in the standard experiment (Figs. 3c, e, 6 ). The difference is more than enough to explain the reduced weakening in the longwave cloud MSE sink term (1.3 kJ/kg/day in the sensitivity experiment compared to 1.6 kJ/kg/day in the standard) and hence the smaller reduction in cloud fraction. Of all the MSE budget terms, the boundary layer mixing term has the largest difference of the correct sign to explain the difference in the cloud response.
The boundary layer mixing term also dominates at lower levels where the cloud fraction increases in the sensitivity experiment. For example, at 500 m altitude, the MSE source term from the boundary layer mixing increases by 3.2 kJ/kg/day in the sensitivity experiment, considerably more than the 1.6 kJ/kg/day increase in the standard experiment. This difference is again more than enough to explain the different response of the longwave cloud MSE term (a decrease of 0.8 kJ/kg/day in the sensitivity experiment compared to a decrease of 0.4 kJ/kg/day in the standard), which corresponds to an increase in cloud at this level. Again the boundary layer mixing term has the largest difference of the correct sign to explain the difference in the cloud response.
Fixing the surface evaporation has a small impact on the present-day simulation, reducing the magnitudes of the net and shortwave CRE by 11 and 12 % respectively relative to the standard experiment (Table 1) . Comparison of the cloud profiles in Figs. 2a and 4a shows that the maximum in the present-day low cloud fraction at 1,000 m is reproduced very well in the sensitivity experiment. The slightly smaller CRE values are perhaps explained by a slightly smaller cloud fraction in the grid level above. This in turn may be related to a slightly smaller moistening term from the boundary layer scheme at this level (see Figs. 3c, 6c ). These differences are small however and do not change the character of the control simulation significantly. The impact of fixing the surface fluxes in the control simulation is much smaller than the impact of the sensitivity experiment itself; the 11/12 % reduction in the present day net and SW CRE is much smaller relatively than the impact on the cloud feedback, which is reduced in magnitude by 53 % in both the net and the shortwave. Hence these results support the hypothesis that the positive feedback in the standard HadGEM2-A experiment at this location is caused by the surface latent heat flux failing to increase at a rate sufficient to maintain the cloud in the boundary layer under warmer conditions.
To test the robustness of this result we also performed a similar experiment where we increased the surface latent heat flux by approximately 10 %/K (50 W/m 2 ). Doubling the increase in the surface latent heat flux had approximately twice the impact on the cloud feedback, making it weakly negative (Table 1) , which is consistent with our hypothesis. The budget terms for this experiment change qualitatively consistently with the less strongly forced experiment (not shown). We also correlated changes in surface latent heat fluxes with cloud feedbacks across all of the experiments shown in Table 1 . We found strong anticorrelations between the surface latent heat flux changes and the net and shortwave cloud feedbacks (r = -0.94 in both cases). This correlation is statistically significant at the 95 % level, and underscores the robustness of the relationship between latent heat flux and cloud feedback at this location in HadGEM2-A.
At this point we consider it worth discussing the possible reasons why an increase in surface evaporation might be required to maintain cloud in the warmer climate in HadGEM2-A. A consequence of the Clausius Clapeyron relation is that a larger increase in specific humidity is required to increase the relative humidity of the atmosphere by a given amount at a warmer temperature (Rieck et al. 2012) . However, it does not necessarily follow from this that a larger surface evaporation is required to maintain relative humidity at equilibrium in a warmer atmosphere. Surface evaporation might be expected to reach a new balance relative to other sources and sinks of humidity, and if these do not change in the warmer climate, then the surface evaporation might not change. One scenario that we have considered is as follows; if the sink terms which remove water vapour from the atmosphere are more efficient at higher temperatures, then a larger source term will be required to maintain relative humidity in the warmer climate. The cloud scheme in HadGEM2-A is based on Smith (1990) , which diagnoses cloud fraction and cloud liquid water for warm clouds using a symmetric probability density function for total water (vapour plus liquid), the width of which is determined by a critical relative humidity which determines the minimum relative humidity at which cloud can be diagnosed. One consequence of this formulation is that the width of the PDF in terms of total water will be larger in the warmer climate. This means that a larger cloud liquid water will be diagnosed for a given cloud fraction. Given this, one might expect an increase in condensation rate and the drizzle rate for a given cloud fraction, which would then require an increased supply of water vapour to maintain relative humidity and cloud fraction in the warmer climate. This would be equivalent to the optical depth feedback found by Rieck et al. (2012) in their LES experiments, which showed an increasing nearadiabatic in-cloud liquid water response in the warmer climate, ultimately caused by the higher specific humidity content of rising air parcels. This process could also result in a stronger precipitation sink in the warmer climate. These ideas could be tested in future by modifying the cloud scheme, but such modifications would be substantial and this is beyond the scope of the current study. Another possibility is that the vertical distribution of the moistening tendencies changes in the warmer climate. Figure 3b , e shows that the specific humidity tendencies from the boundary layer scheme become more 'bottom heavy' in the ?4 K patterned SST experiment, with a larger moistening in the subcloud layer and a reduced moistening throughout the cloud layer. Such a weakening of the vertical mixing by the boundary layer scheme might be explained by the reduction in the surface sensible heat flux mentioned in Sect. 3.4, but also by the reduced wind speed in the boundary layer (Fig. 2h, i) . This could explain not only the reduction in relative humidity in the cloud layer, but also the increase in the near-surface and subcloud layer (Fig. 2c) . Such a 'bottom heavy' moistening profile could therefore explain a reduced cloud fraction even in the absence of an increased sink of humidity in the cloud layer, and the need for an increased surface evaporation to maintain the cloud fraction in the warmer climate.
Factors limiting increases in surface evaporation
Finally we consider the reasons for the relatively small increase in the surface latent heat flux seen at this location in HadGEM2-A. Figure 4a shows that the pattern of the evaporation response is far from uniform in the patterned SST experiment. Richter and Xie (2008) show that changes in surface evaporation can be decomposed into contributions from changes in SST, air-sea temperature difference, near-surface relative humidity and wind speed. Increases in SST will, assuming the other quantities are unchanged, result in an increase in surface evaporation of approximately 7 %/K due to the dependence of the bulk formulae on the saturation specific humidity. Increases in air-sea temperature difference and near-surface wind speed increase the evaporation, while increases in near-surface relative humidity reduce it. Richter and Xie (2008) showed that in a number of coupled models in CMIP3, reductions in near-surface wind speed and increases in near-surface relative humidity acted to reduce global surface evaporation to 2-3 % per K global SST increase. These are consistent with increases in global mean atmospheric radiative cooling which constrain atmospheric latent heat release, global precipitation and evaporation rates with increasing global temperature (Mitchell et al. 1987; Allen and Ingram 2002) At the location we examine, HadGEM2-A shows a 10 % reduction in the 10m wind speed, from 6.1 to 5.5 m/s. The air-sea temperature difference (defined as the difference between the surface skin temperature and the temperature of the lowest model level at 20 m) reduces from by 19 % from 1.6 to 1.3 K, while the relative humidity in the lowest model layer increases from 72.6 % to 75.0 %, reducing the relative saturation deficit by 10 %. Following Richter and Xie (2008) , we use the bulk formulae used in the HadGEM2-A surface exchange scheme to estimate the contributions of these changes to the change in the surface evaporation. The increase in SST alone (with relative humidity, air-sea temperature difference and surface wind unchanged) acts to increase the surface latent heat flux by 6.8 %/K, while the weaker near surface winds, increased near-surface relative humidity and reduced air-sea temperature difference reduce it by 1.8, 1.7 and 1.4 % respectively. The reduction of 4 W/m 2 in the sensible heat flux can similarly be explained in terms of the reduced airsea temperature difference (3.2 W/m 2 ) and the reduced near-surface wind (1.1 W/m 2 ). The weakening of the Walker circulation is a robustly simulated feature of warming in climate models (Vecchi and Soden 2007) , but Clement et al. (2009) show that models vary in their abilities to capture the observed relationships between decadal variations in cloud fraction and other quantities in the Northeast Pacific, such as surface pressure and stability. HadGEM1 (the predecessor to HadGEM2-A) performed quite well in this regard. Richter and Xie (2008) argued that a weakening of the Walker circulation would be expected to weaken surface trade winds, and Clement et al. (2009) argued that such a weakening of the north-easterly trade winds in the Northeast Pacific would result in a reduction of cloud. Our results are consistent with Clement et al. (2009) to some degree. However, we show additionally that changes in surface evaporation play a crucial role in the cloud feedback in HadGEM2-A, and that these are modulated not only by weakening winds, but by other factors such as increases in near-surface relative humidity and stability. Bretherton et al. (2012) found that reducing wind speeds by 10 % in a CGILS case run with the SAMA LES model reduced the surface latent heat flux, reducing cloud top entrainment and resulting in a shallower boundary layer with a thinner cloud. However, their near-surface air temperature and sensible heat flux increased slightly, in contrast with our results. This difference could be due to factors which change in our experiment but not in theirs, for example weakening horizontal advection. The ultimate causes of such changes are at present poorly understood. Richter and Xie (2008) suggested that, owing to its thermal inertia, the ocean lags behind the atmospheric warming, resulting in increases in surface stability and relative humidity, analogous to advection fog. Although our experiments do not have an interactive ocean, the SST forcing pattern which we apply is non-uniform. The region which we have examined in HadGEM2-A warms less than other parts of the tropics. It is characterized by advection of cold, dry air over warm SSTs in the present climate, so weaker horizontal advection with weakening surface winds would be expected to have a warming and moistening effect -i.e. a reduction in cold/dry advection would have a similar effect to an increase in warm/moist advection. As shown above, the reduction in the air-sea temperature difference largely explains the reduction in sensible heat flux, which is the dominant term controlling the surface buoyancy flux. The shallow convection scheme relates the convective mass flux to the surface buoyancy flux, so this may also explain the reduction in the shallow convective mass flux noted in Sect. 3.1. This may in turn contribute to the increase in near-surface humidity, through decreased ventilation by shallow convection.
The linkage between the cloud feedback and the local circulation changes at the location examined means that we should be cautious and not assume that the same mechanism is responsible for all positive feedbacks in other subtropical regions in HadGEM2-A. However, we do note that for the standard HadGEM2-A simulations in Fig. 4b there is a smaller (weakly negative) feedback off the African coast in the Southeast Atlantic, an area with a relatively large increase in surface latent heat flux. This suggests that the model behaviour at this location is consistent with the coupling between surface evaporation and cloud feedback described above. To test this idea more thoroughly we examined changes in seasonal mean climatologies of surface latent heat flux and cloud feedback in the standard HadGEM2-A experiment across the five subtropical stratocumulus regions identified by Klein and Hartmann (1993) 26°N] ). This supports a comparison with the values from the sensitivity experiments at this location in Table 1 . A linear regression showed that larger increases in surface latent heat flux were associated with less positive changes in the normalised shortwave CRE, with a gradient of -0.28 ± 0.21 (2 standard deviation range). The values are anti-correlated (r = -0.52) which is significant at the 5 % level, suggesting that there is a relationship between change in surface latent heat flux and cloud feedback across a wider set of regimes. We would not necessarily expect a particularly high degree of correlation as other factors would be expected to affect the sensitivity of the CRE to the surface latent heat flux, for example the amount of cloud in the control simulation. The gradient of this relationship is however consistent with that from an equivalent regression across sensitivity experiments using the values in Table 1 , which yields a gradient of -0.34 ± -0.12, with a statistically significant anti-correlation of r = -0.94. These results support the relevance of our findings to other areas.
Conclusions
In HadGEM2-A, AMIP experiments forced with observed sea surface temperatures respond to uniform and patterned ?4 K SST perturbations with strong positive cloud feedbacks in the subtropical stratocumulus/trade cumulus transition regions. Over the subtropical Northeast Pacific at 137°W/26°N, the boundary layer cloud fraction reduces considerably in the AMIP ?4 K patterned SST experiment. The relative humidity decreases at the level of maximim cloud reduction. The subsidence rate decreases, while the lower tropospheric stability and the jump in specific humidity across the inversion both increase.
We have tested a number of physical hypotheses by examining a range of model outputs and conducting sensitivity tests. For example, we tested the idea that the increased jump in specific humidity across the inversion was increasing entrainment of dry free-tropospheric air at the top of the boundary layer. Switching off the evaporatively driven mixing term in the boundary layer scheme failed to reduce the magnitude of this feedback however, so we rejected this idea.
We also find that the near-surface wind speed and airsea temperature difference reduces and the near-surface relative humidity increases, which is qualitatively consistent with the findings of Richter and Xie (2008) . However, the local effect which we see limits the increase in surface latent heat flux to just 3 W/m 2 (0.6 %/K per degree of SST increase) limiting the surface evaporation much more strongly than is the case for the global mean in Richter and Xie (2008) . This, along with a notable lack of boundary layer deepening led us to rule out the possibility that the cloud fraction is reducing because of an increase in the entrainment of warm, dry air from the boundary layer, as might be predicted by the Bretherton and Wyant (1997) deepening-warming mechanism in response to increasing surface fluxes in the warmer climate Rieck et al. (2012) . Rieck et al. (2012) also found that increasing SST while keeping latent heat fluxes fixed in a shallow cumulus simulation with a Large Eddy Simulation (LES) model resulted in a reduction of low level cloud, and argued that increases in surface evaporation may be required to maintain boundary layer cloud in a warmer climate. This suggests that the supply of water vapour into the boundary layer from surface evaporation at this location may not be increasing enough to maintain the low level cloud fraction in the warmer climate in HadGEM2-A. We find that a sensitivity test which forces the surface evaporation to increase more in the HadGEM2-A ?4 K patterned SST experiment results in a smaller reduction in boundary layer cloud, halving the magnitude of positive cloud feedback. Another which forces surface evaporation to increase more strongly eliminates it altogether. These results support the above hypothesis, and suggest a coupling between cloud feedback and the local hydrological cycle, but via surface evaporation rather than the more direct linkage between cloud and precipitation processes.
Although global mean surface evaporation increases robustly with global temperature and atmospheric radiative cooling in climate models, local values may increase much less, having a significant impact on cloud feedback. Richter and Xie (2008) argued that a weakening of the Walker circulation would be expected to weaken surface trade winds, and Clement et al. (2009) argued that such a weakening of the north-easterly trade winds in the Northeast Pacific would result in a reduction of cloud. Our results are consistent with Clement et al. (2009) to some degree. However, we show additionally that changes in surface evaporation play a crucial role in the cloud feedback in HadGEM2-A, and that these are modulated not only by weakening winds, but by other factors such as increases in near-surface relative humidity and stability. The potential for local changes in surface evaporation to affect subtropical feedbacks in climate models indicates that a better understanding of both the factors controlling local changes in surface evaporation and the sensitivity of clouds to these may be required if we are to understand the reasons for inter-model differences in subtropical cloud feedback.
It is not currently clear how we can evaluate the rate at which local surface evaporation should change with warming in climate models; long term observations for the relevant quantities of sufficient quality are not available. However, repeating the LES sensitivity experiments of Rieck et al. (2012) with a wider range of LES models and comparing with single column model versions of climate models might identify SCMs with unrealistic sensitivities to surface forcing. More generally, our understanding of the feedback mechanism in the subtropical Northeast Pacific in HadGEM2-A demonstrates the importance of continuing idealised single column cloud feedback studies based on CGILS, which explore amongst other things the effects of changing wind speed on levels of surface forcing and cloud feedbacks in the warmer climate, e.g. Bretherton et al. (2012) .
In this work we have demonstrated the use of tendency terms and sensitivity experiments for the investigation of cloud feedback mechanisms in the CFMIP-2 experimental framework. In future work we hope to further exploit the additional cloud-process diagnostics saved in the CFMIP experiments by using the high frequency model outputs at selected locations to investigate cloud feedbacks in more detail. The impact of changes to the diurnal cycle on cloud feedback is yet to be determined in the current generation of climate models, as are the effects of changes in convective intermittency (Ringer and Ingram, in preparation) and interactions between different physical schemes (Zhang and Bretherton 2008) .
We hope that other modelling groups will also adopt this approach to better understand the feedback mechanisms operating in their models. If strong increases in surface evaporation are generally required to maintain maritime boundary layer clouds in the warmer climate, then the energetic constraints which limit increases in global precipitation and evaporation may explain the robust tendency of climate models to show positive cloud feedbacks in the subtropics.
